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DYDLODEOHDQGXVLQJLWZKHQUHTXLUHG$PRQJGLIIHUHQWSRVVLELOLWLHVV\VWHPVXVLQJ3KDVH&KDQJH0DWHULDOV3&0
DUHPRUHIDVKLRQDEOHIRULWVFRQVLVWHQF\LQODWHQWKHDWVWRUDJH+RZHYHUWKHUHVHDUFKZRUNRQWKH3&0VIRUWKHUPDO







DOORZLQJ WKH DPELHQW WHPSHUDWXUHZLWKLQ WKH V\VWHP WREHPDLQWDLQHG >@7KHXVHRI D ODWHQW KHDW VWRUDJH V\VWHP
XVLQJ3&0KDVWKHDGYDQWDJHVRIKLJKHUVWRUDJHGHQVLW\DQGWKHLVRWKHUPDOQDWXUHRIWKHVWRUDJHSURFHVV
6KDUPD HW DO >@ IRFXVHV RQ WKH DYDLODEOH WKHUPDO HQHUJ\ VWRUDJH WHFKQRORJ\ ZLWK 3&0V IRU GLIIHUHQW
DSSOLFDWLRQV ,W PDLQO\ IRFXVHV RQ WKH DVVHVVPHQW RI WKHUPDO SURSHUWLHV RI YDULRXV 3&0V .HQLVDULCQ HW DO >@
GLVFXVVHV WKHUPDOSURSHUWLHV RI3&0VPHWKRGVRI KHDW WUDQVIHU HQKDQFHPHQW EXLOGLQJKHDW VWRUDJH VWUXFWXUHV IRU
SDVVLYH VSDFH KHDWLQJ DFWLYH VRODU KHDWLQJ V\VWHPV ZLWK XVLQJ 3&0 XVLQJ ODWHQW KHDW VWRUDJH PDWHULDOV LQ VRODU
JUHHQKRXVHVDQGVRODUFRRNLQJV\VWHPV
2JXHNHHWDO>@SUHVHQWHGDUHYLHZRQVRODUZDWHUKHDWLQJV\VWHPVIRUGRPHVWLFDQGLQGXVWULDODSSOLFDWLRQV7KH\











LQ VPDOO F\OLQGULFDO DOXPLQXP FRQWDLQHUV LV XVHG DV WKH 3&0 7KH VWRUDJH SHUIRUPDQFH ZDV LQYHVWLJDWHG ZKHQ
FRQQHFWHG WR IODW SODWH FROOHFWRUV ZLWK QDWXUDO FLUFXODWLRQ 9LNUDP HW DO >@ KDYH H[SHULPHQWDOO\ LQYHVWLJDWHG WKH
WKHUPDOEHKDYLRUDQGIHDVLELOLW\RIDF\OLQGULFDOO\HQFDSVXODWHG3&0$VWRUDJHWDQNFRQWDLQLQJODWHQWKHDWVWRUDJH
PDWHULDO LV XVHG WR DQDO\]H WKHSHUIRUPDQFHRI ODWHQW KHDW WKHUPDO HQHUJ\ VWRUDJH V\VWHP /+7(6FRQFOXGHG WKDW
/+7(6V\VWHPVDUHDFRPPHUFLDOO\YLDEOHRSWLRQ IRU VRODUKHDWHQHUJ\VWRUDJHDQGQHHGV IXUWKHU UHVHDUFK LQ WKLV
DUHD
6KLQJ HW DO >@ H[SHULPHQWDOO\ VWXGLHG WKH WKHUPDO SHUIRUPDQFH RI ODWHQW KHDW VWRUDJH LQ D WZRSKDVH
WKHUPRV\SKRQ VRODU ZDWHU KHDWHU ZKLFK XWLOL]HV WKH VXSHULRU KHDW WUDQVIHU FKDUDFWHULVWLFV RI ERLOLQJ DQG
FRQGHQVDWLRQ DQG HOLPLQDWHV GUDZEDFNV IRXQG LQ WKH FRQYHQWLRQDO VRODU ZDWHU KHDWHU ([SHULPHQWV DUH ILUVW
FRQGXFWHG WRVWXG\ WKH WKHUPDOEHKDYLRURI WULFRVDQHZDWHUDQGVRGLXPDFHWDWHXVHGDVHQHUJ\VWRUDJHPDWHULDOV
7KH UHVXOWV LQGLFDWH WKDW WULFRVDQH SURYLGHVPDQ\ DGYDQWDJHV WR EH WKH HQHUJ\ VWRUDJHPDWHULDO LQ WKH ODWHQW KHDW
VWRUDJH V\VWHP7KLV VWXG\DOVRH[DPLQHV WKH IXQFWLRQVRIFKDUJHDQGGLVFKDUJH WKHUPDOEHKDYLRUV LQD WZRSKDVH
WKHUPRV\SKRQVRODUZDWHUKHDWHU




1DOOXVDP\ HW DO >@ UHSRUWHG H[SHULPHQWDO LQYHVWLJDWLRQ RQ D FRPELQHG VHQVLEOH DQG ODWHQW KHDW VWRUDJH XQLW
LQWHJUDWHGZLWK VRODUZDWHU KHDWLQJ V\VWHP XVLQJ SDUDIILQZD[ ,W LV FRQFOXGHG IURP H[SHULPHQWDO UHVXOWV WKDW WKH




144   S.A. Khot /  Energy Procedia  54 ( 2014 )  142 – 151 
FRPSDUHG WR WUDGLWLRQDO KRWZDWHU FROOHFWRUV 7D\HE HW DO >@ GHYHORSHG D V\VWHP IRU GRPHVWLF KRW ZDWHU XVLQJ
1D62+2DVD3&0DQGFRPSDUHG LWZLWK WKH VLPXODWLRQPRGHOZKLFKJLYHV WKHRSWLPXPIORZ UDWHRI WKH
LQOHWZDWHUVXSSO\UHTXLUHGWRPDLQWDLQWKHFRQVWDQWWHPSHUDWXUHZDWHUDWRXWOHW
%DQVDO HW DO >@ KDYH K\SRWKHWLFDOO\ VWXGLHG D F\OLQGULFDO VWRUDJH XQLW LQ WKH FORVHG ORRS ZLWK D IODW SODWH
FROOHFWRU IRU LWVFKDUJLQJDQGGLVFKDUJLQJPRGH$VD UHVXOWD WKHRUHWLFDOPRGHO IRUF\OLQGULFDO ODWHQWKHDWVWRUDJH




%HGHFDUUDWV HW DO >@ FRPPXQLFDWHG DQ H[SHULPHQWDO LQYHVWLJDWLRQ RI WKH SHUIRUPDQFH RI HQFDSVXODWHG SKDVH
FKDQJHHQHUJ\VWRUDJHGXULQJWKHFKDUJLQJDQGWKHGLVFKDUJLQJSURFHVVHV7KHVSKHULFDOFDSVXOHVFRQWDLQLQJZDWHU
ZLWKDQXFOHDWLRQDJHQWDVD3&0ILOOWKHWKHUPDOVWRUDJHWDQN7KHKHDWWUDQVIHUIOXLGZKLFKFLUFXODWHVWKURXJKWKH
WDQN DQG DURXQG WKH FDSVXOHV LV DQ DTXHRXV VROXWLRQ RI PRQRHWK\OHQH JO\FRO 7KH PDLQ UHVXOWV UHSRUWHG LV D
VLJQLILFDQW LQIOXHQFH RI WKH VXSHU FRROLQJ SKHQRPHQRQ GXULQJ WKH FKDUJLQJ SURFHVV 7KH ORZHU WKH LQOHW FRRODQW
WHPSHUDWXUHDQGWKHODUJHUWKHFRRODQWIORZUDWHWKHIDVWHULVWKHVWRUDJH
+XVVDLQ HW DO >@ H[SHULPHQWDOO\ DQG QXPHULFDOO\ LQYHVWLJDWHG WKH WUDQVLHQW EHKDYLRU RI SDFNHG EHG WKHUPDO
HQHUJ\ VWRUDJH 7KH SURFHVVHV RI WKH H[SHULPHQWHG VWRUDJH V\VWHP ZHUH VLPXODWHG PDWKHPDWLFDOO\ DQG VROYHG
QXPHULFDOO\E\ILQLWHGLIIHUHQFHWHFKQLTXH7KHDQDO\VHVZHUHFDUULHGRXWDWWZRGLIIHUHQWPDVVYHORFLW\RIZRUNLQJ
IOXLG7KHUHVXOWFRXOGEHXVHGWRHQKDQFHWKHSHUIRUPDQFHRIWKHWKHUPDOVRODUV\VWHPV
/LQ HW DO >@ LQYHVWLJDWHGSHUIRUPDQFHRI ,QWHJUDWHG3KDVH&KDQJH0DWHULDO 3&0  IODW SODWH VRODU FROOHFWRU
XVLQJ SDUDIILQ ZD[ 7KH DEVRUEHU SODWH ZDV PRGLILHG E\ LQVWDOOLQJ H[WHQGHG VXUIDFHV LQWR WKH 3&0 UHVHUYRLU WR
LQFUHDVHWKHKHDWWUDQVIHUDUHD([SHULPHQWDWLRQVZHUHGRQHZLWKDQGZLWKRXW3&0DWYDULRXVLQFOLQDWLRQVDQJOHV,W
ZDV IRXQG WKDW RQ WKH DYHUDJH .JPLQ DQGRLQFOLQDWLRQ DQJOHVZLWK3&0FDQSURYLGHSURPLVLQJR& KRW
ZDWHUWHPSHUDWXUHVIRUGD\WLPHGHPDQGZLWKDERXWHIILFLHQF\3&0FDVHJLYHVWKHKLJKHVWSHUIRUPDQFHZKHQ
FRQVLGHULQJWKHGD\DQGQLJKWWLPHHIILFLHQF\FRPSDUHGWRWKHFDVHRIZLWKRXW3&0
,W FDQ EH FRQFOXGHG WKDW JUHDW HIIRUWV KDYH EHHQ SXW E\ UHVHDUFKHUV WR XVH FRQYHQWLRQDO 3&0V IRU VRODUZDWHU
KHDWLQJ DSSOLFDWLRQV 7KHUH LV IXUWKHU VFRSH IRU LPSURYHPHQW LQ HIILFLHQF\ RI VRODU ZDWHU KHDWLQJ V\VWHPV 6WLOO
GHVLJQV DUH RI SUHOLPLQDU\ LQ QDWXUH DQG QR VWDQGDUGL]HG FRPPHUFLDO GHVLJQ DQG V\VWHP LV DYDLODEOH LQ WKH
LQWHUQDWLRQDO PDUNHW 7KHUH LV QHHG RI DQ H[WHQVLYH DQG V\VWHPDWLF LQYHVWLJDWLRQ IRU XVH RI FRPPHUFLDO 3&0V
DYDLODEOH LQ WKHPDUNHW KDYLQJ FRPSDUDEOH WKHUPDO SURSHUWLHV 7KHUHIRUH ODERUDWRU\PRGHO RI VRODUZDWHU KHDWLQJ
V\VWHPXVLQJFRPPHUFLDO3&0+6LVSURSRVHG/LWWOHZRUNLVUHSRUWHGRQWKHXVHRI+63&0IRUGRPHVWLF
VRODUZDWHU KHDWLQJ V\VWHPDQG LW KDV VXLWDEOH WKHUPRSK\VLFDO SURSHUWLHV FRPSDUHG WRRWKHU3&0V6R LW LVZRUWK
LQYHVWLJDWLQJ
([SHULPHQWDWLRQ
$Q H[SHULPHQWDO LQYHVWLJDWLRQ KDV EHHQ FDUULHG RXW WR FROOHFW UHOHYDQW GDWD WR EH XVHG WR XQGHUVWDQG WKH
LPSURYHPHQW RI SHUIRUPDQFH RI WKHUPDO VWRUDJH V\VWHP XVLQJ 3&0$Q H[SHULPHQWDO VHWXS ZDV GHVLJQHG
IDEULFDWHG DQG FRPPLVVLRQHG WR FROOHFW WKHUPDO SHUIRUPDQFH GDWD RQ WKH WKHUPDO VWRUDJH V\VWHP XVLQJ PXOWLSOH








ZKLFK LV LQVXODWHG RQ WKH RXWVLGH LQ RUGHU WR UHGXFH KHDW ORVVHV 7KH FDSVXOHV ILOOHG LQWR WKH YHVVHO DUH KHOG LQ
SRVLWLRQE\ZLUHVFUHHQ7KHKRWKHDWWUDQVIHUIOXLGHQWHUVIURPWKHWRSOHIWVLGHDQGOHDYHVIURPWKHULJKWVLGHERWWRP
GXH WRGHYHORSPHQWRI WKHUPRV\SKRQFXUUHQW LQVLGH WKHV\VWHPZKLOHFKDUJLQJZKHUHDV WKHFROGIOXLG LVPDGH WR
HQWHUIURPWKHERWWRPULJKWKDQGVLGHIURPZDWHUUHVHUYRLURIWKHWDQN
3&0&DSVXOHV



























,W LV H[WUHPHO\ GLIILFXOW WR DYRLG HUURUV ZKLOH WDNLQJ REVHUYDWLRQV IURP WKH LQVWUXPHQWV IRU WKH GXUDWLRQ RI
H[SHULPHQWDOZRUNLQVSLWHRIWKHFDUHWDNHQ,QPRVWRIWKHLQYHVWLJDWHSUREOHPVYDOXHVRIDQXPEHURISDUDPHWHUV
DUHREWDLQHGIURPJUHDWHUQXPEHURIH[SHULPHQWDOUHVXOWV/HDVWFRXQWRIWKHLQVWUXPHQWVXVHGPHWKRGHPSOR\HGWR
PHDVXUH DQG H[SHULPHQWDO OLPLWDWLRQV JLYH ULVH WR VRPH GHJUHH RI LQDFFXUDF\ LQ WKHPHDVXUHPHQW RI SDUDPHWHUV
7DEOHSURYLGHVWKHOLVWRIYDULRXVPHDVXUHGSDUDPHWHUVLQVWUXPHQWVXVHGIRUWKHLUPHDVXUHPHQWZLWKOHDVWFRXQWRI
HDFKDQGXQFHUWDLQW\8QFHUWDLQW\GXHWRLQVWUXPHQWVKRXOGEHHTXDOWRKDOIWKHOHDVWFRXQWRIWKHLQVWUXPHQW7KLV










3&0PDVV 0 (OHFWURQLFZHLJKLQJEDODQFH J J
&DSVXOHGLDPHWHU ' 9HUQLHUFDOOLSHU PP PP
&DSVXOHWKLFNQHVV 7V 9HUQLHUFDOOLSHU PP PP
7KHUPRFRXSOHSRVLWLRQ US 9HUQLHUFDOOLSHU PP PP
7HPSHUDWXUHPHDVXUHPHQW 7 3RZHU$QDO\]HU R& &
9ROWDJH 9 'DWDDFTXLVLWLRQ 9 9
&XUUHQW , 'DWDDFTXLVLWLRQ $ ,
    
5HVXOWVDQGGLVFXVVLRQV






























WDQN YROXPH LV ILOOHG ZLWK ZDWHU ,QVWHDG RI 3&0 FDSVXOHV  RQO\ ZDWHU DV D KHDW WUDQVIHU PHGLD LV WDNHQ IRU
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2SHUDWLQJWHPS     
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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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&$6(,
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 
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&DVH,,
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RIHIILFLHQF\LPSURYHPHQW   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 
6RODUUDGLDWLRQIDOOLQJRQFROOHFWRU
LV.:KPGD\     
6XUIDFHDUHDRIFROOHFWRU0     
(IILFLHQF\DWRSHUDWLQJWHPS#R&     
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7HPSGLIIGXHWR(QHUJ\RXWSXW



















FRPSDUHG WRHQHUJ\VWRUHGRQO\E\ZDWHUFRQVLGHULQJKHDW ORVVHV)LQDOO\ WKH WKHUPDOVWRUDJHV\VWHPXVLQJ3&0
FDQ EH XVHG ZLWK KLJKHU VL]H VRODU FROOHFWRU RU VL]H RI VWRUDJH V\VWHP FDQ EH UHGXFHG IRU WKH VDPH VL]H VRODU
FROOHFWRU ,QRWKHUZRUGVKLJKHUWKHVL]HRIVWRUDJHWDQNZLWK3&0ZLOOEULQJODUJHUDQGFKHDSHUWKHUPDOVWRUDJH




>@ 6KDUPD$WXO997\DJL &5&KHQ '%XGGKL  µ5HYLHZRQ WKHUPDO HQHUJ\ VWRUDJHZLWKSKDVH FKDQJHPDWHULDOV DQG DSSOLFDWLRQV¶
5HQHZDEOHDQG6XVWDLQDEOH(QHUJ\5HYLHZV9ROSS±
>@ 0XUDW.HQLVDULQDQG.KDPLG0DKNDPRYµ$FWXDOSUREOHPVLQXVLQJSKDVHFKDQJH0DWHULDOV WRVWRUHVRODUHQHUJ\¶3DSHUSUHVHQWHGDWWKH




>@ 6KDUPD6'DQG.D]XQREXVDJDUD µ/DWHQW KHDW VWRUDJHPDWHULDOV DQG V\VWHPV$ UHYLHZ¶ ,QWHUQDWLRQDO -RXUQDO RI*UHHQ(QHUJ\9RO
SS±
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>@ &DQED]RJOX66DKLQDVODQ$(NPHN\DSDU$$NVR\<*$NDUVX)µ(QKDQFHPHQWRIVRODUWKHUPDOHQHUJ\VWRUDJHSHUIRUPDQFHXVLQJ
VRGLXPWKLRVXOIDWHSHQWDK\GUDWHRIDFRQYHQWLRQDOVRODUZDWHUKHDWLQJV\VWHP¶(QHUJ\DQG%XLOGLQJV9RO±
>@ 1DOOXVDP\1 /DNVKPL1DUD\DQ5DR 6DPSDWK 6	9HOUDM5 µ(IIHFWLYH XWLOL]DWLRQ RI VRODU HQHUJ\ IRUZDWHU KHDWLQJ DSSOLFDWLRQV XVLQJ
FRPELQHG VWRUDJH V\VWHP¶ ,Q SURFHHGLQJV RI WKH ,QWHUQDWLRQDO &RQIHUHQFH RQ µ1HZ 0LOOHQQLXP$OWHUQDWLYH (QHUJ\ 6ROXWLRQV IRU
6XVWDLQDEOH'HYHORSPHQW&RLPEDWRUH,QGLDSS
>@ .XUNOX$ 2
 =PHU]L$ DQG%LOJLQ 6 µ7KHUPDO SHUIRUPDQFH RI DZDWHU SKDVH FKDQJHPDWHULDO VRODU FROOHFWRU¶ 5HQHZDEOH (QHUJ\
9ROSS±
>@ 7D\HE $0 $ VLPXODWLRQ PRGHO IRU D SKDVH FKDQJH HQHUJ\ VWRUDJH V\VWHP H[SHULPHQWDO DQG YHULILFDWLRQ (QHUJ\ &RQYHUVLRQ DQG
0DQDJHPHQW9ROSS






>@ +XVVDQ+$O.D\OHPDQG0RKDPPHG+$OKDPGR µ7KHUPDOEHKDYLRU RI HQFDSVXODWHGSKDVHFKDQJHPDWHULDO HQHUJ\ VWRUDJH¶ -RXUQDO RI
5HQHZDEOHDQG6XVWDLQDEOH(QHUJ\9RO
>@ 6DZ &KXQ /LQ +XVVDLQ +$O.D\LHP DQG 0RKG 6KLUD] %LQ $ULV µ([SHULPHQWDO ,QYHVWLJDWLRQ RQ WKH SHUIRUPDQFH (QKDQFHPHQW RI
,QWHJUDWHG3&0)ODW3ODWH6RODU&ROOHFWRU¶-RXUQDO$SSOLHG6FLHQFHV9RO
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